This 16-week study explored the safety of substituting exenatide for insulin in patients with type 2 diabetes using insulin in combination with oral antidiabetic agents.
Progressive loss of beta cell function (1) and mass (2) make it difficult for patients to maintain glycemic control (3-5). Historically, insulin therapy is considered the treatment of choice when diet, exercise, and oral antidiabetic agents fail to maintain adequate glycemic control. Initiation of therapy can include once-daily intermediate or long acting insulin or a formulation containing both basal and rapid-acting components (6) (7) (8) . However, intensification of insulin therapy is often accompanied by weight gain and hypoglycemia, wellrecognized barriers to improvement of glycemic control (9, 10) .
Exenatide is a first-in-class incretin mimetic indicated for use with metformin and/or a sulfonylurea, but is not approved as a substitute for insulin in insulin-requiring patients. The mechanism whereby exenatide improves glycemic control is quite different from that of exogenous insulin. Exenatide stimulates endogenous insulin secretion in a glucose-dependent manner, suppresses glucagon, slows gastric emptying and reduces food intake (11, 12) . Non-inferiority studies (13, 14) of patients failing to maintain glycemic control on oral antidiabetic agents have shown that it is feasible to attain similar HbA 1c improvement with exenatide and insulin. Exenatide also lowers postprandial and fasting glucose, but unlike insulin, is associated with a reduction in body weight. However, there are few data supporting the potential substitution of insulin with exenatide in patients with type 2 diabetes (15) (16) (17) . Therefore, the primary objective of this study was to explore the safety of substituting exenatide for insulin in patients with type 2 diabetes who were using insulin in combination with oral antidiabetic medications.
RESEARCH DESIGN AND METHODS

Study Design
This exploratory, multi-center, 2-arm, parallel design, open-label trial was conducted over 16 weeks at 5 centers in the United States. Patients randomized to the exenatide group used a multi-use pen to subcutaneously inject a fixed dose of 5 µg BID for 4 weeks and 10 µg BID for the remaining 12 weeks of the study (before morning and evening meals). Patients in the reference group remained on their insulin regimens throughout the 16-week study. No specific glycemic goals were set for insulin patients during the trial. Patients in both treatment arms continued their oral antidiabetic medications and were instructed to continue their current diet and exercise regimen. As per protocol instructions, the sulfonylurea dose was decreased by approximately 50% in response to one confirmed or two suspected (symptoms without confirmatory blood glucose <3.4 mmol/L) hypoglycemic events.
Study Participants
Eligible patients were between 30 and 75 years of age, had been diagnosed with type 2 diabetes ≥2 years, and had been treated with one of the following for ≥3 months to 12 years: once-or twice-daily NPH insulin, once-daily insulin glargine, once-or twice-daily ultralente insulin, or an insulin mixture. All patients were on oral antidiabetic regimens consisting of an immediate-or extended-release metformin and/or a sulfonylurea for at least 3 months prior to screening or a fixed dose sulfonylurea/metformin combination therapy. Additional inclusion criteria included, at the time of screening, a HbA 1c level ≤10.5%, a body mass index (BMI) >27 and <40 kg/m 2 , and a history of stable body weight. Patients were excluded if they: 1) had more than 3 episodes of severe hypoglycemia within 6 months prior to screening; 2) had used any prescription drug to promote weight loss within 3 months; or 3) had previously received exenatide or GLP-1 analogs.
Study Measurements
A common clinical protocol was approved by an institutional review board at each site and was conducted in accordance with the principles described in the Declaration of Helsinki (18) . Patients were recruited according to local practices and all participants gave written informed consent before participation. HbA 1c levels were measured at Week -2, Week 0 (randomization and study initiation), and at Week 16 (or early discontinuation). Blood chemistries and fasting serum lipids were assessed at Week -2 and Week 16 (or early discontinuation). Fasting serum glucose and fasting C-peptide were assessed at week -2 and at Weeks 2, 4 and 8. Weight, vital signs, concomitant medications, and drug doses were collected at Week 0 and each subsequent visit. Patients performed 5-point self-monitored blood glucose (SMBG) profiles at study Weeks 2, 4, 8, and 16.
Adverse events were assessed at each visit and were reported as preferred terms from the Medical Dictionary for Regulatory Activities (MedDRA). A clinical trial adverse event was defined as any untoward medical occurrence, without regard to the possibility of a causal relationship. A hypoglycemic episode was defined as any time a patient felt that he or she was experiencing a sign or symptom of hypoglycemia or noted a blood glucose level <3.4 mmol/L (60 mg/dL) during selfmonitoring, whether or not this level was associated with signs, symptoms, or treatment.
Statistical Analysis
The primary hypothesis was that greater than 60% of the patients who stopped insulin therapy and initiated exenatide twice-daily would maintain glycemic control. It was estimated that 30 patients, randomized in a 2:1 ratio (exenatide to insulin reference), would be sufficient to verify the probability of observing greater than 60% success in the exenatide group. The function of the reference group was to provide additional confidence in the validity of changes in HbA 1c observed with exenatide. SAS version 8.2 (SAS Institute, Inc., Cary, North Carolina) was used to conduct all statistical analyses. Tests of within-group change (last observation carried forward) were based on the Wilcoxon signed-rank test (2-sided significance level of 0.05). Student t tests (2-sided significance level of 0.05) and Fisher's exact tests were used for between-group comparisons. We conducted a post-hoc analysis of hypoglycemia based on events confirmed by glucose measurement. The overall exposure rate (total confirmed events divided by total exposure) was calculated using two criteria: 1) the ADA criteriaconfirmed blood glucose < 3.9 mmol/L and; 2) the a priori study design criteriaconfirmed blood glucose <3.4 mmol/L.
The intention-to-treat (ITT) sample included all randomized patients with type 2 diabetes who received at least one dose of study drug. Patients were considered to have maintained glycemic control if they did not experience a clinically-relevant rise in HbA 1c (an increase of ≥ 0.5%) at endpoint. Patients were also considered to have maintained glycemic control if they maintained their HbA 1c levels below the prespecified limit but discontinued from the study after Week 8 for reasons other than loss of glucose control. Patients were considered to have lost glycemic control if they experienced a clinically-relevant rise in HbA 1c or if they discontinued from the study at any time due to loss of glycemic control (as determined by the investigator). A stepwise logistic regression procedure was used to identify variables associated with maintenance of glycemic control in the exenatide group.
RESULTS
Patient
Disposition and Clinical Characteristics
Fifty-one patients with type 2 diabetes were randomized (2:1) to exenatide or insulin reference therapy ( Figure 1 , Online Appendix: http://care.adajournals.org). Forty-five patients (29 exenatide, 16 insulin reference) had sufficient data for the primary efficacy analysis; 4 patients discontinued before their true glycemic control outcome could be determined. Table 1 presents  baseline demographics, clinical characteristics, and background therapy. Exenatide-treated patients who successfully maintained glycemic control (n=18) had (on average) shorter disease duration, higher pretreatment fasting C-peptide levels, were taking comparatively less insulin and were observed to have been receiving insulin therapy for a shorter period of time.
Primary Efficacy Results: Glycemic Control
The overall mean HbA 1c change in the exenatide group (n=29) was +0.3±1.5% (within-group, p=NS). The overall mean HbA 1c change in the insulin group (n=16) was -0.1±0.7% (within-group, p=NS). The mean changes in HbA 1c were not significantly different between groups at endpoint. Greater than 60% (18/29, mean HbA 1c change -0.5±0.7%, p=0.003) of the patients who substituted exenatide for insulin successfully maintained glycemic control as defined a priori, supporting the primary hypothesis of the study. Thirteen out of 16 (81%) patients in the insulin reference group maintained glycemic control. Individual changes in HbA 1c and fasting serum glucose are shown in Figure 2 , Online Appendix: http://care.adajournals.org. The majority of exenatide-treated patients who maintained control also completed the 16-week study (14/18) Of the 11 exenatide-treated patients who did not maintain glycemic control (mean HbA 1c change +1.6±1.5%, p=0.001), five patients discontinued from the study before Week 16 due to loss of glycemic control (as determined by the investigator) and six patients lost glycemic control as evidenced by exceeding the predefined HbA 1c criterion. Within-group analyses demonstrated that the subset of exenatidetreated patients unable to maintain glycemic control had a significant increase in fasting glucose by Week 2 (+3.9 ± 2.7 mmol/L, p=0.005) which increased through Week 8 (+5.2 ± 3.3 mmol/L, p=0.008). However, neither an endpoint rise in fasting glucose nor an earlier rise in Week 2 fasting glucose were significantly associated with treatment failure in logistic regression analyses. Of the characteristics described in Table 1 , pretreatment C-peptide (maximum likelihood estimate 2.96, p=0.024) and baseline body weight (maximum likelihood estimate -0.07, p=0.088) were identified as the best predictors of successful glycemic control.
Secondary Efficacy Results: Body Weight and SMBG Profiles
Most of the exenatide-treated patients (27/29, 93%) lost weight during the study. Less than half of the patients (6/16, 38%) in the insulin reference group lost weight. Exenatide patients experienced a steady decline (Figure 1 ) in mean body weight (endpoint change -4.2 ± 3.0kg; within-group, p<0.001), while the mean body weight with insulin was not substantially changed (endpoint change +0.5 ± 1.7kg, p=NS). The between-group comparison of mean changes in body weight at endpoint was statistically significant (p<0.001). The mean changes in body weight observed in the two exenatide-patient groups (maintained versus lost glycemic control) were similar (between-group, p=NS). We conducted a post-hoc analysis to determine the degree of correlation between change in HbA 1c and change in body weight. The Pearson correlation coefficients were -0.29 and -0.25 for the exenatide and insulin reference groups, respectively.
As observed in the SMBG profiles ( 
Safety Findings
In the exenatide group, 26/33 (79%) patients reported a treatment-emergent adverse event compared with 9/16 (56%) in the insulin reference group. Most of the adverse events reported in this study were mild to moderate in intensity. Adverse events considered possibly related to exenatide treatment were predominantly gastrointestinal in nature (e.g., nausea, diarrhea, vomiting, abdominal pain, gastroesophageal reflux disease) with nausea being the most common (48.5% incidence). Five exenatide-treated patients discontinued from the study because of an adverse event (nausea [3 patients], bronchitis, and hyperglycemia).
Two serious adverse events (chest pain and excessive hyperglycemia) were reported in the study, both occurring in the same exenatide-treated patient; this patient required hospitalization and discontinued due to hyperglycemia before completing the Week 16 study visit. There were no adverse events considered possibly related to insulin treatment. Headache was the most common adverse event (31.3% incidence) reported in the insulin reference group, followed by nausea (12.5%) and cough (12.5%)
The incidence of hypoglycemia was 39% (13/33) and 38% (6/16) in the exenatide and insulin reference groups, respectively. Most of the hypoglycemia was reported to have occurred during the daytime (exenatide, 11/13 patients; insulin reference 4/6 patients). Of the 13 exenatidetreated patients who reported hypoglycemia, 10 were taking concomitant sulfonylurea. Twelve hypoglycemia events (8 exenatide, 4 insulin) were confirmed by glucose measurement (<3.4 mmol/L). The overall hypoglycemia rates were 1.72 and 0.97 events/patient-year for the exenatide and insulin reference group, respectively. The rates were slightly higher in the subgroups that maintained glycemic control (exenatide: 2.54 events/patient-year, insulin reference: 1.18 events/patient-year). There were no episodes of serious hypoglycemia (i.e., requiring medical intervention). One patient being treated with exenatide and sulfonylurea had three severe hypoglycemic episodes (i.e., episode required assistance of another person and was associated with either a blood glucose level <50 mg/dL or prompt recovery after oral carbohydrate, intravenous glucose or glucagon injection), which were treated with food or drink; this patient discontinued after Week 8 due to nausea.
CONCLUSIONS
In this exploratory study, substitution of exenatide for insulin therapy resulted in no deterioration in glycemic control in approximately 62% of the type 2 diabetes patients studied. The remaining 38% of patients did experience deterioration in glycemic control. In some, this deterioration manifested as a rise in HbA 1c noted at study end (after 16 weeks) and in others the worsening of hyperglycemia occurred by 2-8 weeks after insulin withdrawal. In those patients where there was no deterioration in glycemic control, a potential benefit for carrying out such substitution of therapy was the observed weight loss. Although HbA 1c was not increased at endpoint in the majority (15/29, 52%) of the exenatide-treated patients, HbA 1c remained above target (>7.0%) in many (20/29, 69%). Most of the insulin-treated patients (9/16, 56%) also did not experience an increase in HbA 1c ; however, all but one patient (15/16, 94%) remained above target (HbA 1c > 7%) at endpoint. The number of exenatide-treated patients that both improved glycemic control and lost weight (11/29) through this therapeutic substitution was relatively small. The adverse event profile in patients who switched to exenatide was consistent with the predominance of gastrointestinal side effects observed in prior phase III, placebocontrolled trials. The overall incidence of hypoglycemia was similar between the exenatide and insulin reference groups and most of the patients in the exenatide group who experienced hypoglycaemia were taking concomitant sulfonylurea.
It is known from the phase III trials studies of exenatide that hypoglycemia occurs, most commonly, when exenatide is used with sulfonylurea.
Several factors should be considered when interpreting our results. First, the glycemic control results may have been better if we had added exenatide to patients on insulin and decreased insulin doses gradually rather than replacing insulin with exenatide abruptly. This choice may have also contributed to the relatively high drop out rate in the exenatide group. Secondly, this study was not designed to compare insulin treatment with exenatide; thus, there were no specific glycemic goals set for insulin patients during the trial. The small number of patients in the trial also makes drawing conclusions from between-group statistical comparisons problematic. Finally, given the small sample size and exploratory nature of this study, it was not possible to adequately answer all clinically relevant questions related to this type of therapy substitution. For example, since only five patients treated with exenatide had a baseline HbA1c <7%, it would be difficult to conclusively determine whether or not it is possible to sustain glycemic control below the target level.
It should be noted that while stable glucose control was observed in a majority of patients, deterioration in glycemic control was observed in some patients and many patients remained above target (HbA 1c >7.0%). Exenatide elicits its glucoselowering effect in part by glucose-dependent stimulation of insulin release from pancreatic beta cells (11, 19) . It is not clear if glucose-dependent stimulation of insulin is the dominant glucose-lowering mechanism, compared with suppression of glucagon or slowing of gastric emptying for example, but it has been observed to be an important action in the hierarchy of possible mechanisms. Given that type 2 diabetes is a progressive disease where beta cell function gradually diminishes over time (1) , it is possible that exenatide may have a diminished capacity to exert a glucose lowering effect in patients with more advanced disease and minimal beta cell function. For example, patients who require insulinization during the night may be more likely to experience deterioration in glycemic control if cessation of insulin is attempted. It is therefore interesting to note that exenatide-treated patients less likely to have a favorable outcome in the current study had (on average) longer disease duration, lower pretreatment fasting Cpeptide levels, were taking comparatively more insulin and were observed to have been receiving insulin therapy for a longer period of time. However, it is not possible to characterize clear predictors of outcome given the size and exploratory nature of the study.
The weight effect observed in this study is also of interest. Prior clinical trials have shown that exenatide treatment results in weight loss as a monotherapy and when added to a variety of background oral therapies including metformin, sulfonylureas, and thiazolidinediones (20) (21) (22) (23) . Greater weight loss is seen in exenatide-treated individuals with metformin background therapy. Two-year open-label data from extension trials have demonstrated that the weight reduction associated with exenatide is progressive over time and is associated with improvements in a number of cardiovascular risk factors (24) . In the current study, early (Week 2) weight reduction was observed in the patients who maintained glycemic control after coming off insulin, suggesting that the weight effect may be associated with both exenatide treatment and insulin withdrawal. The current study demonstrates that a substantial number of patients treated with insulin will experience deterioration in glucose control when exenatide is substituted. However, the study does not ascertain the mechanism by which weight loss occurs.
In conclusion, this exploratory study gives some insight into the outcome of substituting one injectable therapy (exenatide) for another (insulin) in patients with long-standing type 2 diabetes. The majority of patients maintained glycemic control although most did not fully optimize control. Several patients experienced deterioration in glycemic control, indicating that therapy substitution is not feasible for all patients currently treated with insulin. In this study, patients transitioned from insulin to exenatide needed to perform SMBG and were given parameters as to when to contact their physician. Although the exploratory nature of this study limits its predictive power, the results suggest that patients with longer disease duration, who are taking higher doses of insulin, and who have less endogenous beta cell reserve are less likely to have a favorable outcome with this therapy substitution. Further investigation is warranted.
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